We consider the matter bounce scenario in Loop Quantum Cosmology (LQC) for physical potentials that at early times provide a nearly matter dominated Universe in the contracting phase, having a reheating mechanism in the expanding or contracting phase, i.e., being able to release the energy of the scalar field creating particles that thermalize in order to match with the hot Friedmann Universe, and finally at late times leading to the current cosmic acceleration. For these models, numerically solving the dynamical equations we have seen that the teleparallel version of LQC leads to theoretical results that fit well with current observational data. More precisely, in teleparallel LQC there is a set of solutions which leads to theoretical results that match correctly with last BICEP2 data, and there is another set whose theoretical results fit well with Planck's experimental data. On the other hand, in holonomy corrected LQC the theoretical value of the tensor/scalar ratio is smaller than in teleparallel LQC, which means that there is always a set of solutions that matches with Planck's data, but for some potentials BICEP2 experimental results disfavours holonomy corrected LQC.
Introduction
It's well-known that inflation suffers from several problems (see [1] for a review about these problems), like the initial singularity which normally is not addressed (as an exception, in [2] the problem was addressed concluding that the initial singularity is unavoidable in general inflationary models) or the following problem related with initial conditions: In inflationary cosmology it is usually assumed that modes well inside the Hubble radius are initially (at the beginning of inflation) in the adiabatic vacuum in order to obtain a nearly scale invariant spectrum. This assumption could be accepted if, as in Linde's early papers about chaotic inflation (see for instance [3] for a review), inflation started at energy densities of the order of Planck's scale, because in that case before inflation it would be impossible to describe classically our Universe. However, from the four-year data set provided by the Cosmic Background Explorer (COBE) satellite or from the sevenyear data of Wilkinson Microwave Anisotropy Probe (WMAP), we know that the observed value of the power spectrum for scalar perturbations is constrained to be P ζ (k) ∼ = 2 × 10 −9 [4] for modes that exit the Hubble radius 60 e-folds before the end of inflation, which means that in chaotic inflation the slow roll phase started at energy densities of the order 10 −11 ρ pl , and consequently, the evolution of the Universe could be described classically before inflation. Then, it is essential to know the evolution of the modes before inflation, because if they re-enter in the Hubble radius, positive and negative frequencies could mix, and thus, those modes would not be in the vacuum state.
In order to avoid these problems, an alternative scenario to the inflationary paradigm, called matter bounce scenario (see [5] for a review of bouncing cosmologies), has been developed to explain the evolution of our Universe. This model, like inflation, solves the horizon problem that appears in Einstein Cosmology (EC) and improves the flatness problem in EC (where spatial flatness is an unstable fixed point and fine tuning of initial conditions is required), because the contribution of the spatial curvature decreases in the contracting phase at the same rate as it increases in the expanding one (see for instance [6] ). However, it suffers from the anisotropy problem that does not exist in other models like Ekpyrotic scenarios [7] , for this reason an improved model combining both scenarios could avoid this problem [8] , and become a realistic alternative to inflation.
There are essentially two ways to set up a matter bounce scenario: within the framework of EC violating the null energy condition at the bouncing point [9] , or going beyond EC. In order to violate the null energy condition in EC one needs to incorporate new forms of matter such as phantom [10] or quintom fields [9] , Galileons [11] or phantom condensates [12] . Going beyond EC one can introduce higher derivatives in the action [13] , braneworld bouncing scenarios [14] , Ekpyrotic [15] , Pre-Big-Bang [16] , loop quantum [17] or teleparallel cosmologies [18] , modified f (R) gravity [19] , extended loop quantum cosmology to R 2 gravity [20] , etc.
In the present work we only deal with the matter bounce scenario in Loop Quantum Cosmology (LQC), which leads to the simplest bouncing scenario, and where the numerical calculation can be done with all the details.
We will perform a deep and detailed study of the evolution of cosmological perturbations in this scenario, that improves on those recently made in [21] using holonomy corrections and, in [22] in the framework of teleparallel LQC. In both works, the potential of the used scalar field leads to solutions that at early and late times are in a matter dominated phase, and do not agree with the current acceler-ation of the Universe. Moreover, since only one analytic solution of the isotropic equations (the unperturbed ones) is known, all the calculations are performed with this analytic solution, which leads to conclusions that do not agree with the current observations. For example, in those works it is claimed that, in order to match theoretical results with observations, the value of the critical density in LQC has to be of the order of 10 −9 ρ pl which contradicts the current value 0.4ρ pl [23] . Dealing with tensor perturbations, in holonomy corrected LQC the equation of tensor perturbations has singularities when the energy density is a half of the critical one, meaning one could consider infinitely many mode solutions because there is not a criterium of continuity at the singular point to decide which mode is the correct one, and thus, there is not a unique way to calculate the power spectrum for tensor perturbations. On the other hand, in teleparallel LQC there is a unique way to calculate this power spectrum, but for the analytical solution of the isotropic equations the ratio of tensor to scalar perturbations is approximately equal to 6, which does not agree with the current observational data.
However, for the other solutions which we have obtained numerically in this work, there is a a set of solutions that fit well with the recent BICEP2 data [24] , i.e. for the solutions that belong in that set its tensor/scalar ratio satisfy r = 0.20 +0.07 −0.05 [25] , and another one whose tensor/scalar ratio is smaller than 0.11, matching correctly with the latest Planck's data [26] . Then, our main objective in this work is to generalize this result to more physical potentials (containing a matter domination in the contracting phase at early times, and leading to a reheating process in the expanding phase in order to match with the current ΛCDM model of the Universe, or more generally, with the hot Friedmann Universe plus the current cosmic acceleration). That is, we want to find physical potentials that have a set of solutions that agrees with BICEP2 data, and another one that matches correctly with the latest Planck's results. For some physical potentials we present numerical results supporting this match.
The outline of the paper goes as follows: In Section II we review the way to obtain the Mukanov-Sasaki equations in LQC. Section III is devoted to showing that, for a matter bounce scenario, the relation between the Bardeen potential and the curvature fluctuation in co-moving coordinates, in Fourier space, when the Universe is matter dominated at late times, is the same as in inflationary cosmology when the Universe has a phase transition from the quasi de Sitter stage to the matter dominated one, that is, its quotient is equal to 3/5. As a consequence, since in matter bounce scenario the power spectrum of the curvature fluctuation in comoving coordinates is scale invariant, the corresponding power spectrum for the Bardeen potential is also scale invariant, which is not trivial to show in this scenario. Section IV is destined to review, with all the details, the calculation of the power spectrum of scalar perturbations in both holonomy corrected and teleparallel LQC. In Section V we deal with the problems of the potential currently used to study the matter bounce scenario in LQC, for example the absence of an explanation for the current cosmic acceleration. In the last Section we suggest some models that include a reheating process and the current acceleration of the Universe, and which lead to solutions whose theoretical results match correctly with current observational data (power spectrum of scalar perturbations, spectral index of scalar perturbations and ratio of tensor to scalar perturbations). Moreover, at the end of this Section we perform a detailed study of the reheating in the matter bounce scenario via gravitational particle production.
Mukhanov-Sasaki variables in LQC
Assuming that the dynamics of the Universe is carried on by an scalar field, namely ϕ =φ + δϕ, whereφ is the homogeneous part of the field, in EC, where in the flat Friedmann-Lemaître-Robertson-Walker (FLRW) geometry the Friedmann equation is H 2 = ρ 3 , the perturbation equations, in the longitudinal gauge, are (see for instance [27] )
Introducing the variables
one obtains the Mukhanov-Sasaki (M-S) equations
where in EC, the velocity of sound, namely c s , is equal to 1.
On the other hand, in holonomy corrected and teleparallel Loop Quantum Cosmology (LQC), in the flat FLRW geometry the corresponding modified Friedmann equation is (see for a review [28] of LQC)
where ρ c is the so-called "critical density" (the energy at which the Universe bounces). In holonomy corrected LQC the perturbation equations were obtained for the first time in [29] using holonomy corrections, i.e., replacing the Ashtekar connection by a suitable sinus function [30] , and adding some counter-terms to the perturbed Hamiltonian in order to preserve the algebra of constrains. These equations are
and they differ from the classical ones in the square of the velocity of sound that appears in the right hand side of the second equation, and whose value is and find the solution for the associate homogeneous equation. Finally, we use the method of variation of constants to find a particular solution. The solution of the homogeneous equation
and the method of variation of constants, after some algebra, gives the following integral equation
To obtain the corresponding integral equation for u k we use the first equation
From this formula we can calculate the power spectrum for the Bardeen potential at late times when the Universe is matter dominated. To do that, we consider modes well outside of the Hubble radius, i.e., modes that satisfy c 2
that is, the curvature fluctuation in co-moving coordinates, defined as
is constant. Then, since at late times θ(η) ∝ 1 η 2 , this means that θ(η) is the decaying mode, and thus, inserting (23) into (22) one obtains
Now, taking into account that, for a matter dominated Universe, in EC one has z(η) = √ 3a(η), and using the following classical relations
one finally obtains the relation between the Bardeen potential and the curvature fluctuation in co-moving coordinates
Moreover, in EC one of the perturbation equations is
and since for modes well outside the Hubble radius (k 2 a 2 H 2 ) Φ k is constant, the density contrast δ k ≡ δρ k ρ is related with the curvature in co-moving coordinates as follows
Note the remarkable fact that relations (27) only depend of the fact that, at late times, the Universe obeys EC and is matter dominated. That happens in inflation when one one considers a transition form the de Sitter phase to the matter domination (see for instance [32] ) and in the matter bounce scenario. Then, our result complements the duality pointed out in [33] where was showed that in EC the de Sitter phase, where a(η) ∝ − 1 η , and the matter-domination a(η) ∝ η 2 lead to the same equation (12) 
meaning that de Sitter inflation and the matter bounce scenario give rise to an scale invariant spectrum for the curvature fluctuation in co-moving coordinates. Now, from (27) one can conclude that, in the matter bounce scenario, the Bardeen potential is also scale invariant.
4 Calculation of the power spectrum of scalar perturbations in LQC
In this section we perform an study of the way to calculate analytically the power spectrum of the curvature fluctuation in co-moving coordinates, and from (29) the density contrast, when one considers the matter bounce scenario in LQC, which provides the easiest model to calculate analytically it. Solving the holonomy corrected Friedmann equation and the conservation equation for a matter dominated Universe
one obtains the following quantities [34] a(t) = 3 4
, H(t) = 
For small values of the energy density (ρ ρ c ), EC is recovered and equation (12) becomes the usual M-S equation that for a matter-dominated Universe, working in Fourier space, is given by
Assuming that at early times the Universe is in the Bunch-Davies (adiabatic) vacuum, one must take for η → −∞ the following mode function
At early times all the modes are inside the Hubble radius, and when time moves forward the modes leave this radius. Then, for a matter-dominated Universe in EC, the modes well outside the Hubble radius are characterized by the long wavelength condition
because for small values of ρ one recovers EC where z = √ 3a and c s = 1. And, when holonomy effects are not important, for modes well outside the Hubble radius the M-S equation becomes
which can be solved using the method of reduction of the order, giving as a result the following long wavelength approximation
where for convenience we have taken a definite integral. The reason why we have made this choice is that, in teleparallel LQC, it is impossible to calculate explicitly the primitive of 1/z 2 (η). However, for η → −∞, if we make the approximation z ∼ = √ 3a we will obtain
, and this last integral can be analytically calculated.
Note that, at early times in the contracting phase, for modes well outside the Hubble radius, the expressions (34) and (37) give the same solution. The solution given by (34) could be expanded in terms of kη 1, and retaining the leading terms in the real and imaginary parts of v k , one gets
On the other hand, the explicit solution of (37), as we have already explained, is obtained using the approximation z ∼ = √ 3a = 1 4 √ 3 ρ c η 2 , which gives as a result
Matching both solutions one obtains
Once we have calculated the coefficients B 1 (k) and B 2 (k) we use equation (37) to calculate v k at late times. More precisely, we calculate v k in the classical regime of the expanding phase for modes that are still well outside of the Hubble radius. Note that we are considering modes that in the contracting phase leave the Hubble radius and then evolve satisfying k 2 1 c 2 s z z . Then, we can use the long wavelength approximation
where
, because η is large enough. From (41) one has
and thus, the scalar power spectrum is given by
because since in our units 8πG = 1, one has ρ pl = 64π 2 .
In the case of holonomy corrected LQC one has z(t) = √ ρct (see [21] ), which leads to a simple calculation of R 2 giving as a result
27ρc . Consequently, in holonomy corrected LQC one has
On the other hand, in teleparallel LQC one has
giving as a power spectrum
The key point to obtain the scale invariant power spectrum (44) (resp. (46)) is that one only considers modes that after leaving and before re-entering the Hubble radius, when holonomy effects could be disregarded, satisfy the long wavelength condition k 2 |c 2 s | z z , that is, the term c 2 s ∆v in the M-S equation is disregarded between the leaving and the reentry of the modes in the Hubble radius.
In holonomy corrected and teleparallel LQC since the symmetric function z /z is increasing for −∞ < t < 0 and decreasing for 0 < t < ∞, and |c 2 s | satisfy |c 2 s | ≤ 1 and lim t→±∞ |c 2 s | = 1, all the modes that leave the Hubble radius at a early time −|T | satisfy the relation k 2 |c 2 s | z z up to late time |T |. Then, we can conclude that formulae (44) and (46) are correct for all modes that leave the Hubble radius at early times (when the Universe is in the classical regime).
Note that this doesn't happen with the quantity θ θ which vanishes at the bouncing time. Then, in bouncing scenarios it is impossible to calculate u k (and the Bardeen potential Φ k ) using the long wavelength approximation
because the relation k 2 |c 2 s | θ θ after leaving and before re-entering the Hubble radius, doesn't hold for any mode. Instead of (47) , in order to calculate u k , one has to use the exact expression given by formula (22) .
However, in inflationary EC formula (47) leads to the correct power spectrum for the Bardeen potential. Effectively, the vacuum state is given by the modes (34) , which together with the first equation of (3) allow us to calculate the modes u k at early times. Then, for modes well outside the Hubble radius (|kη| 1) one has
This expression has to be matched with (47) 
Now, to calculate the Bardeen potential at late times, we use the classical rela-
When the Universe is matter dominated, i.e., when a(t) ∝ t 2/3 one obtains
Finally, calculating (37) in the quasi de Sitter phase and matching the result with (38) one easily obtains B 1 (k) = A 2 (k), and taking into account that the mode z(t)
is decaying in the matter dominated stage one concludes that ζ k (t) = A 2 (k), and thus, we obtain in inflationary cosmology the relation (27) .
The current model
To calculate the power spectrum provided by LQC in the matter bounce scenario, first of all one has to look for a potential of the scalar field such that, at early times when holonomy corrections can be disregarded, its non-perturbed solutions lead to a matter dominated Universe.
To find one such potential one can impose that the pressure vanishes, i.e.,φ 2 2 − V (φ) = 0, which leads to the equatioṅ
where we have used the third equation of (32) . This equation has the particular solution
which leads to the potential
It is important to realize that solution (54) is special in the sense that it satisfies for all timeφ 2 (t)/2 = V (φ(t)), that is, if the Universe is described by this solution it will be matter dominated dominated all the time. However, the other solutions, that is, the solutions of the non-perturbed conservation equation where
) in the expanding phase, do not lead to a matter-dominated Universe. Only at early and late times the Universe is matter dominated because the solution (54) is a global repeller at early times and a global attractor at late times. The method to prove this asymptotical behavior is similar to the one used in [35] , and goes as follows:
"At early and late times one can disregard holonomy corrections, and what is really important is the behavior of the potential for large values of |ϕ|. To simplify, we will reduce the analysis to large values of ϕ and take the potentialV (ϕ) = V 0 e − √ 3ϕ which has the same behavior of (55) ln ψ the corresponding non-perturbed Klein-Gordon equation (or equivalently, the conservation equation) reads
with
where in F ± , the sign + (resp. −) means the Universe is in the expanding (resp. contracting) phase. The equation (57) describes two (one for the contracting and other one for the expanding phase) one dimensional first order autonomous dynamical systems, that are completely understood calculating its critical points. These critical points arė Taking into account the sign of F ± one deduces the dynamics of the system in timeφ (in figure 1 we show the phase portrait (in the straight lineψ) when the Universe is in the contracting phase), and from the phase portrait in timeφ, we deduce the corresponding one in cosmic time, changing the direction of the arrows for negative values ofψ (see figure 2) .
The conclusion is that in the expanding (resp. contracting) phaseψ + (resp. ψ − ) is a global attractor (resp. repeller). These points correspond to the solutions 
3t 2 , i.e., the Universe is matter-dominated at early times (in the contracting phase) and at late times (in the expanding one)." Figure 3 : In the first picture we have the phase portrait: back curves defined by ρ = ρ c depict the points where the Universe bounces. The point (0, 0) is a saddle point, red (resp. green) curves are the invariant curves in the contracting (resp. expanding) phase. The blue curve corresponds to an orbit different from the analytically one (54). Note that, before (resp. after) the bounce the blue curve do not cut the red (resp. green) curves. Finally, it is important to realize that the allowed orbits are those that catch the black curve in the region delimited by an unstable red curve and an stable green curve, because for orbits that does not satisfy this condition,φ vanishes at some time, meaning that its corresponding power spectrum diverges. In the second picture we have drawn the Hubble parameter for the blue curve of the first picture.
Then, once we have proved the behavior of the solutions at early and late times, to calculate analytically the power spectrum we need the evolution of a(t),φ(t) and H(t) during all the time, and we only have, analytically, this evolution for the particular solution (54). For the other solutions, numerical calculations are needed (In figure 3 we show the phase portrait in the plane (φ,φ) for the dynamical system given by equation (56)). In fact, using this analytical solution, to obtain a theoretical value of the power spectrum that matches correctly with observations, one can see that the value of the critical energy density has to be of the order 10 −9 ρ pl (see [21] ). This does not mean, contrary to the claim of [22, 21] , that the correct value of the critical density has to be of this order. What it really means is that the value of the critical density has to be of this order if the Universe is described by orbits near this analytical one, but there could be other orbits such that for the current value of the critical density, approximately 0.4ρ pl , the numerical results obtained from the model might match correctly with current observations (we will show at the end of the Section that this is not the case, but it could be possible in principle). One has to imagine ρ c as a parameter, whose value depends on the orbit we have chosen, and is determined by current observations. This is exactly what happens in chaotic inflation. More precisely, if one considers, for the sake of simplicity, the quadratic model V (ϕ) = 1 2 m 2 ϕ 2 the number of e-folds is approximately
where the subscripts "i" and "end" mean the beginning and end of inflation.
On the other hand, the power spectrum of scalar perturbations, in slow-roll inflation, is given by
Then, to choose the number of e-folds is equivalent to choose the orbit, because with the value of N one obtainsφ i , and with the slow-roll equation V (φ i )φ i + ∂V (φ i ) ∂φ = 0 one obtainsφ i . Finally, for a given value of N , using the current constrain P ζ (k) 2 × 10 −9 and the formula (60) one determines de value of the parameter m, to match correctly theoretical results with observational data.
Coming back to LQC, in the matter bounce scenario the power spectrum is given by equation (43)
, where in holonomy corrected LQC z = aφ H , and in teleparallel LQC is given by formula (10). It is important to realize that, when we have done the matching between equations (38) and (39) we have used, at early times, the following scale factor a(t) ∼ = 3 4 ρ c t 2 1/3 . Then, to perform numerical calculations with formula (61), one has to use, as a scale factor, the solution ofȧ a = H that, at early times, satisfies a(t) ∼ = Finally, performing the change of variable t = √ ρ c t, we can see that the conservation equation for the homogeneous part of the field (56) becomes
with V = V ρc and
This means thatφ 
does not depend on ρ c . In the same way, a( t) does not depend on ρ c because it satisfies the equation
, and from the definition of the velocity of sound we see that c s ( t) is independent on the critical density. From this, we can conclude that z( t) does not depend on the value of the critical density, and then
which is of the order ρ c . Finally, depending on the chosen orbit, one will numerically obtain different values of
, which determine the corresponding value of the critical density using the constraint P ζ (k) ∼ = 2 × 10 −9 .
Some comments about the current model
An important difficulty of the model given by the potential (55) is that it cannot explain the current acceleration of the Universe. Moreover, in previous studies any mechanism to explain the reheating of the Universe creating light particles like an oscillatory behavior of the field [36] , an instant preheating [37] or a phase transition to a quasi de Sitter stage to a radiation dominated Universe [41] , has not taken into account this acceleration.
Another problem appears when one deals with tensor perturbations. In the case of holonomy corrected LQC this equation is
where c 2 s = Ω and z T ≡ aΩ −1/2 . Note that z T becomes imaginary in the superinflationary phase ρ ∈ (ρ c /2, ρ c ]. Moreover, this equation is singular when ρ = ρ c /2, then there are infinitely many ways to match solutions at this value, and consequently infinitely many modes could be used to calculate the power spectrum of tensor perturbations giving completely different results (see [22] ). On the other hand, in teleparallel LQC the corresponding M-S equation for tensor perturbations does not contain singularities but, when one uses the analytic solution (54), the ratio of tensor to scalar perturbations which is given by
Si(π/2) C 2 ∼ = 6.7187, where Si(x) ≡ x 0 sin y y dy is the Sine integral function [25] , which is in contradiction with the current observational bound. Recall that BICEP2 data constrain this ratio to r = 0.20
−0.05 with r = 0 disfavored at 7.0σ [24] , and Planck's data bounds this ratio to be r < 0.11 (95 % CL) [26] .
Remark 5.1. Note that our correct definition of z T differs from the one of [22] by the factor √ 2. In fact, for small values of the energy density one has z T ∼ = a which coincides with the classical definition of z T , and which does not happen if one uses the definition given in [22] . On the other hand, to obtain the formula (65), one has to follow the same steeps as in Section 4. Obtaining the formula
Then, the power spectrum for tensor perturbations is
. Consequently using (61) and (68), one deduces that the quotient r = P T (k) P ζ (k) is equivalent to the formula (65).
Finally, note that performing the change of variable t = √ ρ c t we can see that r does not depend on the value of the critical density. Then, to show the viability of the model one has to evaluate numerically the tensor/scalar ratio for all the orbits that satisfy the constrain P ζ (k) ∼ = 2 × 10 −9 , and to check if, for that set of orbits, there is a subset which satisfy either r is smaller than 0.11 (the last Planck's data constrain) or r = 0.20
+0.07
−0.05 (last BICEP2 data).
Numerical results for the current model
Our numerical study shows that [25] :
1. In holonomy corrected LQC, the minimum value of P ζ (k) is obtained for the orbit that at the bouncing time satisfiesφ ∼ = −0.9870, for that orbit we have obtained P ζ (k) ∼ = 23 × 10 −3 ρc ρ pl .
2. In teleparallel LQC the orbit which gives the minimum value of the power spectrum satisfiesφ ∼ = −0.9892 and the value of the power spectrum is approximately the same as in holonomy corrected LQC P ζ (k) ∼ = 40×10 −3 ρc ρ pl .
For these orbits, in order to match with the current result, in both theories, one has to choose ρ c ∼ 10 −7 ρ pl which is 2 orders greater than the value needed using the analytical solution, but is still 6 orders smaller than the current value in LQC. It is important to realize that this result does not favour holonomy corrected LQC because the current value of the critical density, obtained relating the black hole entropy with the Bekenstein-Hawking entropy formula, is approximately 0.4ρ pl [23] . However, it does not affect teleparellel LQC where ρ c is merely a parameter whose value has to be obtained from observations.
We have also calculated the ratio of tensor to scalar perturbations using formula (65), and obtaining as a minimum value r = 0 for the orbits that, at the bouncing time, satisfyφ ∼ = −1.205 andφ ∼ = 1.205 . On the other hand, its maximum value r ∼ = 6.7187 is attained by the solution (54) bouncing atφ = 0. Then, since the value of the tensor/scalar ratio in admissible solutions ranges continuously from the minimal value r = 0, to the maximal value r ∼ = 6.7187, one can deduce that there is a set of solutions which matches correctly with BICEP2 data and another one with Planck's result.
Then, the confidence interval r = 0.20 On the other hand, in holonomy corrected LQC, numerical results show that the allowed orbits provide values of r in the interval [0, 0.1114], matching only correctly with Planck's constrain r ≤ 0.11. In figure 4 , we have drawn the tensor/scalar ratio for teleparallel and holonomy corrected LQC.
Finally, we have checked numerically that the functions z /z and z T /z T are increasing in the contracting phase and decreasing in the expanding one, for teleparallel and holonomy corrected LQC. This means that all our formulae are correct, that is, all modes that leave the Hubble radius at early time satisfy the long wavelength relation |c 2 s |k 2 |z /z| and |c 2 s |k 2 |z T /z T | up to late times, and thus, we can safely disregard the Laplacian term in the M-S equations, giving validity to our approximation. 
Viable models for the matter bounce scenario
According to the current observational data, in order to obtain a viable model in the matter bounce scenario in LQC, the bouncing model has to satisfy some conditions that we have summarized as follows:
1. The latest Planck data constrain the value of the spectral index for scalar perturbations, namely n s ≡ 1 +
(it is scale invariant with a slight red tilt). It is well-known that the ways to obtain a nearly scale invariant power spectrum of perturbations are either a quasi de Sitter phase in the expanding phase or a nearly matter domination phase at early times, in the contracting phase [33] . Then, since for the matter bounce scenario one has n s = 1, if one wants to improve the model to match correctly with that data, one has to consider, at early times in the contracting phase, a Universe with a equation of state P = ωρ. In that case, the spectral index is given by n s = 1 + 12ω [21, 22] , and thus one has to choose ω ≈ −0.0033. Then, the model for large values of the field (ϕ → −∞ or ϕ → ∞ ) must satisfy V (ϕ) ∼ ρ c e − √ 3(1+ω)|ϕ| , because for this kind of potentials when |ϕ| → ∞ all the orbits depict a Universe with equation of state P = ωρ (this claim could be proved, exactly in the same way, as we have showed, at the beginning of Section 5, the asymptotic behavior of this potential in the case ω = 0).
In this case the formula for the tensor/scalar ratio will become
however, due to the small value of ω, one can safely choose ω = 0 without changing significantly the results. In fact, numerically we have obtained that in teleparallel LQC, when ω = −0.0033 the ratio r ranges continuously in the interval [0, 6.74], and thus there is a set of solutions satisfying BICEP2 data, and another one fitting well with Planck's results. On the other hand, for holonomy corrected LQC when ω = −0.0033, r ranges continuously in the interval [0, 0.10], meaning that its theoretical results only match with Planck's data.
2. The Universe has to reheat creating light particles that will thermalize matching with a hot Friedmann Universe. The simplest way to do that is with an oscillatory behavior of the field in the expanding phase, because when the field oscillates it decays releasing its energy at the bottom of the potential, where the adiabaticity of the process is strongly violated, producing light particles [36] , whose number increases with each oscillation due to this broad parametric resonance regime. To obtain this behavior, we can assume that in some region the potential has a minimum, i.e., it has a potential well.
The simplest potentials with a minimum are the ones used in inflation, for example potentials with the same shape as the power law potentials used in chaotic inflation, i.e., V (ϕ) = λϕ 2n .
Another way is the so called instant preheating, where no oscillations are required [37] . This mechanism works for potentials with a global minimum, but it is very efficient for potentials which slowly decrease for large values of the scalar field as in the theory of quintessence [38] , where, in the expanding phase, an inflationary potential is matched with a quintessence one. Finally, reheating could also be produced due to the gravitational particle creation in an expanding Universe [39] . In this case, an abrupt phase transition (a non adiabatic transition) is needed in order to obtain sufficient particle creation that thermalizes producing a reheating temperature that fits well with current observations. This method was used in the context of inflation in [40, 41] , where a sudden phase transition from a quasi de Sitter phase to a radiation domination or a quintessence phase was assumed in the expanding regime. We will show, at the end of this Section, that gravitation particle production could be applied to the matter bounce scenario, assuming a phase transition from the matter domination to an ekpyrotic phase in the contracting regime, and obtaining a reheating temperature compatible with current data.
3. Studies of distant type Ia supernovae [42] (and others) provide strong evidence that our Universe is expanding in an accelerating way. A viable model must take into account this current acceleration, which could be incorporated, in the simplest case, with a cosmological constant, or by quintessence models [43] . Of course, there are other ways to implement the current cosmic acceleration, for example using f (R) or f (T ) gravity, but the models that provide this behavior are very complicated, and our main objective in this work is to present the simplest viable models.
4. The numerical results (analytical ones will be impossible to obtain) calcu-lated with the model have to match with experimental data, for instance, the power spectrum of scalar perturbations has to be of de order 10 −9 and the ratio of tensor to scalar perturbations has to be either less than 0.11 or in the range r = 0.20
+0.07
−0.05 , depending if one uses Planck's or BICEP2 data. The numerical calculations could be performed using formulae (61) and (65), where the quantities appearing in these formulae will be computed after solving numerically the conservation equation (56), where the scale factor, obtained numerically integrating the equation H =ȧ a , must satisfy at early times
Note that, if the potential is proportional to the critical density, performing the change of variable t = √ ρ c t, one can show that the tensor/scalar ratio is independent of ρ c and the power spectrum is proportional to ρ c , which means that
where K is a dimensionless quantity independent of ρ c , and thus, the experimental data P ζ (k) ∼ 10 −9 is easily achieved choosing ρ c ∼ 10 −9 K ρ pl .
5.
The model has to be stable, in the sense that, if an orbit depicting the Universe satisfies all the previous requirements, then an small perturbation of this orbit also has to satisfy them. Mathematically speaking, the set of orbits that satisfy all the requirements must have nonzero measure.
First, one could deal, for simplicity, with a quadratic potential V (ϕ) = 1 2 m 2 ϕ 2 , because at early times (in the contracting phase) the Universe is in a matter dominated phase (in fact, it is matter dominated on average over few oscillations, because
[27]). Moreover, at late times in the expanding phase, the field oscillates around the minimum of its potential releasing its energy and creating light particles, that finally thermalize yielding a hot Friedmann Universe that matches with the Standard Model, but does not take into account the current accelerated expansion of the Universe. Note that one cannot add to the model a simple cosmological constant Λ because, in this case, the Universe would start, in the contracting phase, in an anti de Sitter stage which does not lead to a nearly scale invariant spectrum.
A more interesting model that takes into account the current cosmic acceleration is obtained combining ρ c e − √ 3(1+ω)|ϕ| with the quadratic potential and an small cosmological constant, in the following way (subjected to the condition V (ϕ) < ρ c ),
where ω ≈ −0.0033, Λ is an small cosmological constant and ρ 0 is an energy density parameter. Note that, for large values of |ϕ| one has V (ϕ) ∼ 2ρ c e − √ 3(1+ω)|ϕ| , meaning that, for large values of |ϕ| the Universe is nearly matter dominated. On the other hand, for small values of |ϕ|, one has V (ϕ) ∼ ρc ρ 0 1 2 m 2 ϕ 2 + Λ , then for these of values, the field will oscillate in the well of the potential releasing its energy and matching with the ΛCDM model, or an instant preheating will occur, before the field starts to oscillate, to match with the ΛCDM model.
From the model we could see that orbits starting at |ϕ| = ∞ and ending at ϕ = 0, are the ones that, at early times, are in the contracting nearly matter dominated phase and, at late times, match with the ΛCDM model. These orbits are the candidates to describe a viable Universe, the other ones do not accomplish some of the requirements established by observations. Some of these orbits start and end at |ϕ| = ∞, giving a matter dominated Universe at early and late times, which contradicts the current acceleration of the Universe. The other ones start at early times, in the contracting phase, at the bottom of the well, i.e., starting in an anti de Sitter stage (these orbits do not give a nearly invariant spectrum of perturbations). There are two kinds of the latter orbits:
1. The ones that leave the potential well and finish at late times in the expanding phase, in a nearly matter dominated phase.
2. The ones that do not clear the potential well and finish, in the expanding phase, in a de Sitter stage driven by the cosmological constant Λ.
For the orbits that depict a candidate to be a viable Universe one has to compute the ratio of tensor to scalar perturbations, which is given by formula (65), and to check if r is smaller than 0.11 (the last Planck data) or it is in the range r = 0.20
+0.07
−0.05 (the last BICEP2 data). Note finally that, the value of the cosmological constant in Planck units is of the order 10 −120 (see for instance [44] ), which means that, when one makes numerical calculations, its value can be considered zero.
Another way to build models that satisfy the requirements would be to match a potential of the asymptotic form V (ϕ) ∼ ρ c e − √ 3(1+ω)|ϕ| which leads to an nearly matter dominated phase at early times with an inflationary potential, for example:
1. Matching with a power law potential
where 0 < ϕ 0 < ϕ 1 , and the parameters λ > 0 and κ > 0 are dimensionless.
One has to impose the continuity of V and its first derivative at ϕ = ϕ 0 .
In this model the orbits that could be acceptable are the ones that start at ϕ = −∞ and end at the bottom of the potential well (ϕ = ϕ 1 ). For such orbits one has to calculate the corresponding power spectrum and the ratio of tensor to scalar perturbations and choose those whose theoretical values match correctly with observations.
2. Matching with a plateau potential
where ϕ 0 < 0 < ϕ 1 , with λ > 0 and κ > 0 dimensionless parameters.
The last way to build models consists in matching a potential with the asymp- introduced by Peebles and Vilenkin in [41] .
Here an important remark is in order: In the expanding phase, reheating occurs when holonomy effects are negligible. Then, the M-S variable z will be given by
where ρ χ (t) and P χ (t) are the energy density and pressure of the produced light χ-particles when adiabaticity is strongly violated. If reheating occurs via broad parametric resonance (the potential has a minimum), between 15 and 25 oscillations are needed to complete the reheating [27] , and during these oscillations its is nearly impossible to describe analytically this process, i.e., it is nearly impossible to have a formula for the evolution of ρ χ and P χ , and consequently, since is impossible to know the value of z(t) during the reheating one cannot calculate the ratio of tensor to scalar perturbations. For this reason, we will assume that reheating could only be done instantaneously [37, 38] in potentials with a minimum.
To be more precise, in the case of potentials with a global minimum, assuming instant reheating, we will use the formula z(t) = a(t)φ(t) H(t) up to when the field arrives at the minimum of the potential where adiabaticity is violated and particles are created giving, nearly instantaneously, a radiation dominated Universe. Then, after reaching the minimum, since the Universe is radiation dominated, we will use the formula z(t) =
= 2a(t). In contrast, for potentials without a minimum (for example, V ∼ e − √ 3|ϕ| matched with a quintessence potential), gravitational particle creation explains the reheating of the Universe. In the case of inflationary cosmology, gravitational reheating is produced via an abrupt transition, in the expanding phase, from a quasi de Sitter regime to a quintessence one [41] , but as we will see, in a bouncing scenario gravitational reheating could also be produced before the bounce, i.e., in the contracting phase.
Numerical results
In figure 5 we have depicted the potential (72) with n = 1, where the matching has been done imposing the continuity of the first derivative. black curves defined by ρ = ρ c depict the points where the Universe bounces. The point (0, 0) is a saddle point, red (resp. green) curves are the invariant curves in the contracting (resp. expanding) phase. The blue curve corresponds to an orbit of the system. Note that the allowed orbits are those that touch the black curve in the region delimited by an unstable red curve and an stable green curve. Those orbits start in the contracting phase depicting a matter dominated Universe and, when they touch the black curve, the Universe enters in the expanding phase, oscillating around the minimum of the potential. In the second picture we have drawn the shape of the matched quadratic (n = 1) potential (72). The graphics of the tensor/scalar ratio, for teleparallel and holonomy corrected LQC, are depicted in figure 6 .
We have also studied numerically the potential (72) for n = 2 whose phase portrait and shape are given in figure 7. For this model, we have calculated numerically the corresponding ratio of tensor to scalar perturbations for different orbits, and the results are depicted in figure 8 . From this last figure, we will see that in teleparallel LQC there are orbits whose theoretical results match correctly with BI-CEP2 data and others that fit well with last Planck's data. In contrast, in holonomy corrected LQC all the orbits provide a tensor/scalar ratio smaller than 0.11 what means that, for this model, holonomy corrected LQC only matches correctly with Planck's data. . In figure  9 , we show the shape of this potential and its phase portrait. The graphics of the tensor/scalar ratio are depicted in figure 10 Figure 10: Tensor/scalar ratio for different orbits in function of the bouncing value ofφ for the quintessence potential. In the first picture for teleparallel LQC, and in the second one for holonomy corrected LQC.
As we will see from these numerical results, the shape of the tensor/scalar ratio in teleparallel LQC is very robust, in the sense that, it is potential independent (is nearly the same for all the viable potentials we have studied). However, dealing with holonomy corrected LQC, one can see that the shape of the ratio of tensor to scalar perturbations and the theoretical results obtained from it, change completely depending on the potential chosen.
Reheating via gravitational particle production
Gravitational particle production in the matter bounce scenario has been recently introduced in [45] . The idea is the same as in inflationary models with potentials without a minimum (the so-called non oscillatory models): to have an efficient reheating one needs a non-adiabatic transition, in the expanding regime, between two different phases in order to have enough gravitational particle creation. In inflation, there is an abrupt transition from a quasi de Sitter regime to a radiation-dominated one, during this transition light particles are created and its density density evolves like ρ r ∼ a −4 . On the other hand, after the end of the quasi de Sitter phase, the inflaton field, namely φ, enters a kinetic-dominated period where the energy density of the inflation field evolves like ρ φ ∼ a −6 [40, 41, 46] , which means that the inflation energy density decreases faster than that of radiation, and thus, the Universe becomes radiation dominated and matches with the hot Friedmann universe. Only at very late times, if the inflation potential is matched with a quintessence one, the Universe enters in an accelerated regime from which it never recovers.
In the matter bounce scenario the non-adiabatic transition could be produced in the contracting phase. In fact, a transition from matter-domination to an ekpyrotic phase with equation of state P = ωρ where ω > 1 could be assumed in the contracting regime. The obtained model is called matter-ekpyrotic bounce scenario [47] , and since in the ekpyrotic phase the energy density of the field evolves like ρ ϕ ∼ a −3(1+ω) , which in the contracting phase increases faster than a −6 , anisotropies become negligible (note that the energy density in the anisotropies grows in the contracting phase as a −6 which is faster than the energy density of radiation, and thus, without an ekpyrotic transition the isotropy of the bounce is destroyed; this is the so-called Belinsky-Khalatnikov-Lifshitz instability [48] ). Moreover, the energy density of the field also increases faster than that of radiation, this means that the field dominates the evolution of the Universe in the contracting phase, but when the Universe bounces its energy density eventually dominates, because in the expanding phase a −3(1+ω) decreases faster than a −4 . Then, the Universe will become radiation-dominated, and only at late times, if the potential is matched with an quintessence one, the Universe will accelerate forever.
To be more specific, we will study reheating via massless χ-particles nearly conformally coupled with gravity, using the method developed in [49] . It is well known that the number density of created particles and their energy density is related via the β-Bogoliubov coefficient as follows [40] 
being ξ ∼ = 1 6 the coupling constant. In this approach, the number density of produced particles could be easily calculated using the properties of the Fourier transform which lead to the following simple formula
To perform the calculation we consider the simplest model of an abrupt transition from matter to ekpyrotic phase [47] a(t) = 
where ω 1, t 0 = t E − 2 3H E , t E is the time at which the transition occurs and H E = H(t E ). Note that t 0 has been chosen in order that a(t) has continuous first derivative at the transition time t E . For this scale factor, formula (77) leads to following density of created particles
To end the Section, we will calculate the reheating temperature T R . To calculate that quantity for our model, first of all one has to define the reheating time t R as the time when the radiated energy density equals the background energy density. Since the background energy in the ekpyrotic phase is given by ρ(t) = ρ c 
for large values of t one has ρ(t) = 4 3ω 2 t 2 . And thus, the reheating time is of the order
Consequently, the reheating temperature is of the order
r (t R ) ∼ |1 − 6ξ|ω
Finally, writing ρ E in terms of Planck's density as follows ρ E ≡ λ 2 ρ pl , and approximating a E a(t R ) by 1 because we are considering the case ω 1, one has
where we have introduced the Planck mass M pl ≡ ρ 1/4
pl . This theoretical value will coincide with current observations provided that one chooses |1 − 6ξ|ω 3/4 λ ∼ 10 −7 [45] .
Remark 6.1. Reheating via an interaction between the field ϕ and light particles, of the form 2 ϕ 2 χ 2 , has been recently studied in the context of bouncing scenarios in [45] . The calculation of the energy density is very complicated, and only an upper bound has been obtained. Moreover, this energy density has been compared with the energy density of produced light particles minimally coupled with gravity, obtaining that the energy density of gravitational particle production dominates over the energy density from the interaction for small values of .
Conclusions
In this work we have shown that the matter bounce scenario in LQC given by the simplest potential (the potential given in equation (55)) must be improved in order to reproduce our Universe. Although, when one considers the teleparallel version of LQC the theoretical results predicted by some solutions of the potential (55) match correctly either with BICEP2 or Planck's current data, this potential neither provides a reheating mechanism in order to match with a hot Friedman Universe nor takes into account the current acceleration of the Universe. For these reasons we introduce more physical potentials that take into account the reheating process and the current cosmic acceleration, and we show that, in teleparallel LQC, they have sets of solutions whose theoretical results fit well with current observational data, concluding that the matter bounce scenario in teleparallel LQC is a viable alternative to the inflationary paradigm. On the other hand, holonomy corrected LQC provides theoretical results that always match with Planck's data, but in general, its theoretical results do not fit well with BICEP2 data, only for some models with a potential well (for example, for a quadratic potential there are solutions whose theoretical results match correctly with BICEP2 data, but for a quartic one theoretical results only fit well with Planck's data). In fact, our numerical results show that teleparallel LQC is not potential dependent in our models, that is, we have shown that the shape of the tensor/scalar ratio is practically the same for the models that we are studied. This does not happen in holonomy corrected LQC where we have shown that it changes completely depending of the potential matched with (55). Finally, we have studied in detail the reheating process via gravitational particle production: we have considered the gravitational reheating in the matter-ekpyrotic matter bounce scenario, where a phase transition from the matter domination to an ekpyrotic epoch occurs in the contracting phase of the Universe. We have assumed that the reheating is due to the creation of massless nearly conformally coupled particles, and we have applied the method introduced by [49] , for the first time, to our matter-ekpyrotic model, obtaining a very simple expression for the reheating temperature.
Our conclusion about reheating is that, when one considers potentials without a minimum, the production of gravitational particles via a phase transition in the contracting regime leads to an efficient, i.e. compatible with the latest experimental observations, reheating. On the other hand, when one considers potentials with a minimum as in inflationary cosmology, the instant reheating introduced in [37] gives rise to a reheating temperature compatible with current results.
